Prototype Testing of a New Passive Energy Dissipation Device for Seismic Retrofit of Bridges by Nefize Shaban & Alp Caner
September 2016 | Volume 2 | Article 231
Original research
published: 29 September 2016
doi: 10.3389/fbuil.2016.00023
Frontiers in Built Environment | www.frontiersin.org
Edited by: 
Bruno Briseghella, 
Fuzhou University, China
Reviewed by: 
Anastasios Sextos, 
Aristotle University of Thessaloniki, 
Greece; University of Bristol, UK  
Luigi Di Sarno, 
University of Sannio, Italy
*Correspondence:
Alp Caner  
acaner@metu.edu.tr
Specialty section: 
This article was submitted 
to Bridge Engineering, 
a section of the journal 
Frontiers in Built Environment
Received: 16 June 2016
Accepted: 16 September 2016
Published: 29 September 2016
Citation: 
Shaban N and Caner A (2016) 
Prototype Testing of a New Passive 
Energy Dissipation Device for Seismic 
Retrofit of Bridges. 
Front. Built Environ. 2:23. 
doi: 10.3389/fbuil.2016.00023
Prototype Testing of a new 
Passive energy Dissipation Device 
for seismic retrofit of Bridges
Nefize Shaban and Alp Caner*
Middle East Technical University, Ankara, Turkey
The increasingly demanding performance requirements trigger the development of 
new devices to eliminate the limitations concerning the post-earthquake performance 
of available seismic protection systems. The prerequisite for economical earthquake- 
resistant bridges is the structures’ capacity to absorb and dissipate a large amount of 
seismic energy. A widely considered strategy for enhancing this capacity is through the 
use of passive energy dissipation systems for seismic protection of structures. It has 
been known that majority of the available energy dissipation systems are non-usable 
after a major earthquake, which increases the risk of collapse during an aftershock. The 
focus of the current study is given to introduce a new type of passive energy dissipation 
device with a pending patent that is testified to have an improved energy dissipation 
capacity without suffering any damage while absorbing energy. Thus, the proposed 
damper does not require an immediate expensive replacement and keeps its operational 
capabilities and effectiveness during aftershocks. The paper presents the dynamic per-
formance tests of the first full-scale prototype of the damper, that eventually prove it to 
be a promising design with an improved energy dissipation capacity and stable behavior 
during and after the dynamic event.
Keywords: seismic protection, energy dissipation device, improved effectiveness, post-earthquake performance, 
bridge
inTrODUcTiOn
The history of damaging earthquakes worldwide evidences the vulnerability of humanity to the 
forces of nature. The tremendous amount of energy released during an earthquake can produce 
extreme damages even in an advanced industrial nation. Thereby, one of the major current challenges 
in structural engineering is focused on mitigation of hazardous earthquake effects which requires 
development of innovative design concepts and new techniques.
Traditional seismic design practice has been based on providing a combination of strength and 
ductility to resist the imposed earthquake loading (Elnashai and Di Sarno, 2008). A reduction of 
seismic forces below the elastic level can be applied in design provided that an inelastic behavior in a 
properly designed structure will supply that structure with sufficient energy dissipation capacity so 
that it can sustain a severe earthquake without collapse. This inelastic action is usually designed to 
concentrate in conscientiously detailed critical regions of the bridge, usually in the end zones of piers. 
The dissipation of substantial amount of energy, realized by the inelastic action in these regions, is 
achieved at the expenses of significant damage to the structural member. Thereby, a repeated inelastic 
cycling will result in degradation in the hysteretic behavior of the critical regions.
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To overcome these limitations inherent in the philosophy of 
conventional seismic design, innovative concepts of structural 
protection have been developed and subsequently implemented. 
Modern systems for structural control can be grouped into 
three categories: (1) seismic isolation, (2) semi-active and active 
control, and (3) passive energy dissipation (Soong and Dargush, 
1997; Housner et  al., 1999; Symans and Constantinou, 1999; 
Soong and Spencer, 2002; Symans et al., 2008).
The concept of seismic isolation has been developed into a 
practical technology widely implemented in seismically active 
areas. Its basic principle is set on uncoupling the structure 
from the damaging action of an earthquake, thereby, reducing 
the forces transmitted to the structure. Typically, the isolation 
system employs structural elements with low horizontal stiff-
ness usually placed at the foundation level. Thus, the structure’s 
fundamental frequency is reduced, and its corresponding 
dynamic mode involves displacement only at the isolation level. 
The higher modes do not contribute to the structural motion 
and, consequently, do not transfer energy to the structure. The 
structural protection is achieved not by absorption but rather 
through deflection of the input energy using the dynamics of 
the system. The net result is a decrease in the energy dissipation 
demand on the structure, expressed in terms of reduction in 
interstory drifts and floor accelerations, while the displace-
ment is concentrated in the isolation system. The concept is 
applicable and effective both for buildings and bridges (Soong 
and Dargush, 1997; Housner et al., 1999; Symans et al., 2008; 
Di Sarno, 2013).
Active and semi-active control systems reduce the structural 
response by means of controllers, processing response informa-
tion in real time, integrated with force generators that apply 
counteracting control forces. In the active control methods, the 
counteracting forces are applied by actuators and provided by 
a large power source, while in the semi-active control systems 
such forces are generated by reactive devices with controllable 
dynamic (damping and/or stiffness) properties. The power supply 
for semi-active control devices is typically orders of magnitude 
smaller compared with the one required for active control meth-
ods. Usually, the large control forces required by these methods 
can limit their practical application, especially for large and mas-
sive structures (Symans and Constantinou, 1999).
Contrary to semi-active and active systems, passive energy 
dissipation devices do not require an external supply of power. 
Furthermore, compared to seismic isolation, these devices can 
provide an effective protection against both earthquake and wind 
loads. The exceptional highlight should be made for bridges with 
high piers and long-period long-duration earthquake ground 
motions, the set of conditions that make the seismic base isola-
tion inadequate and insufficient and the active control methods 
unaffordable. Thus, incorporation of passive energy dissipation 
devices comes out to be a modern and innovative approach 
for economical and safer structural design. Most commonly 
implemented passive energy dissipation systems include viscous 
fluid dampers, viscoelastic solid dampers, friction dampers, and 
metallic dampers. More rarely applied are tuned mass dampers, 
re-centering dampers, and phase transformation dampers. These 
dampers purely dissipate energy during structural movements to 
maintain movements at permissible levels.
Passive energy dissipation devices can be divided into three 
groups: (1) rate-dependent devices, (2) rate-independent devices, 
and (3) others. The force output of rate-dependent devices is 
directly related to the rate of change of displacement across the 
damper. Representatives of this group are viscoelastic fluid damp-
ers and viscoelastic solid dampers. Viscoelastic solid dampers 
affect the structural stiffness and thus, the fundamental natural 
frequency, while viscoelastic fluid dampers do not. The latter 
provide a reduction in ductility demand and structural response 
as a result of supplemental damping only. Rate-independent 
systems include dampers whose force output is not related with 
the rate of change of displacement across the damper. Metallic 
and friction dampers come under this category. Metallic damp-
ers develop a smooth hysteretic behavior, while friction dampers 
follow an essentially bilinear hysteretic pattern with very high 
initial stiffness (Soong and Dargush, 1997; Housner et al., 1999; 
Soong and Spencer, 2002; Symans et  al., 2008). The reduction 
in ductility demand is provided both through increased system 
stiffness and hysteretic energy dissipation. The effective perfor-
mance of a certain passive energy dissipation device depends on 
the peculiar features of the original structure, the properties of 
the implemented device, and the characteristics of the ground 
motion. Considering the large variability in each of these param-
eters, a comprehensive series of analyses is a requisite to conclude 
about the particular passive energy dissipation system, which is 
appropriate for a given case.
Along with all their advantages, all the widely implemented 
dampers have some limitations and drawbacks that need also 
be considered, while deciding on the proper response control 
strategy for a given structure. Viscous fluid dampers are sus-
ceptible to fluid seal leakage, which raises a reliability concern. 
Viscoelastic solid dampers exhibit limited deformation capacity, 
their properties are frequency and temperature-dependent, and 
again reliability is questioned by possible debonding and tearing 
of viscoelastic material. Metallic dampers are to be damaged 
during an earthquake and thus require replacement. Friction 
dampers also cause a reliability concern due to the sliding inter-
face conditions changing with time. These dampers may as well 
excite higher modes in structural response and exhibit stick-slip 
behavioral problem (Symans et  al., 2008). Both metallic and 
friction dampers increase the system stiffness, which adds to the 
base shear which would need to be accommodated in the design 
of the structure and consequently gives reflection to foundation 
costs. The implementation of viscous fluid, metallic, and friction 
dampers will lead to permanent displacements after a possible 
dynamic action if no restoring mechanism is provided. As far as 
effective system integration is concerned, the described devices 
are all expedient to reduce the potential structural damage but 
the structural performance during and after the event need to 
be extensively investigated to proportion the benefits and the 
expenses to achieve them.
This analysis challenges further developments and advanced 
engineering design solutions in the area of passive structural 
control to aim for an improved performance. The focus of the 
FigUre 1 | solid model of the new damper (a) 2D and (B) 3D.
FigUre 2 | First full-scale prototype produced.
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currently presented research is developing a new damper that 
can re-center the structure after a possible dynamic event and 
dissipate energy without suffering any damage. Thereby, it 
does not require an immediate expensive replacement and the 
device-integrated structure can be protected against possible 
aftershocks, being intact and ready for immediate use after the 
event. As to the long-term operation, the invariability of inherent 
properties provides the required reliability and stable behavior. 
The dynamic properties of the device are easily controllable, 
making it adjustable for different design solutions. Also, the 
newly proposed system is intended to have a configuration 
simple enough to facilitate easy and functional implementation 
both for new construction and retrofitting, requiring minimal 
interventions and disruptions to bridge functionality. The device 
can also be engineered to be used in building structures. The 
simple design and operational mechanism take up the challenge 
of behavior prediction and reliability, being designed on the 
principle of “as simple as possible but not simpler than it should.” 
As a result, the energy dissipation device with a pending patent 
has an innovative design, advanced performance, and enhanced 
effectiveness.
The first prototype of the device has been produced and its 
dynamic performance tests conducted at the Structural Mechanics 
Laboratory of Civil Engineering Department at Middle East 
Technical University. The part of the research presented in this 
paper covers the device description, test setup, and test results 
obtained from dynamic performance tests of the first full-scale 
prototype.
DeVice DescriPTiOn
The new type of damper introduced in the current paper has 
the ability to re-center the structure, does not suffer any damage 
while dissipating energy, thus does not need a replacement after 
a possible event and keeps its operational capability during fol-
lowing excitations and aftershocks. It has a simple design which 
allows for easy application without any major intervention in the 
integrity of the existing structural system. All these features can 
be achieved by the proper combination of material, configura-
tion, design, and delicate prediction of working mechanism.
The damper assembly has two main subassemblies: an energy 
dissipation unit (ED unit) and a driving mechanism. The ED 
unit is composed of two symmetrically placed elastomer blocks 
FigUre 3 | Test setup design drawings (a) front view, (B) top view, and (c) 3D.
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whose mechanical and dynamic properties can be tuned to the 
pre-defined performance targets. These blocks can be either elas-
tomer, laminated rubber, lead rubber, or ball rubber composite. 
The ED unit dissipates energy and at the same time provides the 
re-centering force due to the rubber inherent properties. In doing 
so, it can sustain many cycles of reversed loading without getting 
any damage, a certification for a stable and reliable hysteretic 
behavior, as well as effective post-event protection.
The driving mechanism amplifies the interstory displacement 
and transfers it to the ED unit. Its rate of amplification can be 
easily adjusted to given performance targets. The mechanism is 
made of steel and designed so as to remain elastic all through 
FigUre 4 | steel supports of the test setup fixed to the laboratory 
rigid floor.
FigUre 5 | hydraulic actuator to apply the dynamic loading.
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a possible dynamic event. The integration of this mechanism 
enhances the device effectiveness both in terms of energy dis-
sipation and re-centering capability.
The ED unit of the first prototype is composed of two sym-
metrically placed laminated rubber blocks (colored in yellow 
in Figure  1) placed on steel mounts (colored in green). The 
amplification rate of the driving mechanism is 2 and the device 
displacement capacity is 45 mm, corresponding to 1.5% interstory 
drift of a 3 m-high frame. The solid model of the device full-scale 
prototype is given in Figure  1 and the produced prototype in 
Figure 2.
The uni-directional device can be used to limit the structural 
displacements of the bridge superstructure in two orthogonal 
directions. The device can be mounted at the expansion joints 
connecting superstructure segments to each other, or connect-
ing the superstructure to the substructure as recommended in 
the seismic retrofit manual for bridges (Buckle et al., 2006). The 
mounting detail of the device shall be engineered to allow out-of-
plane movements. Providing ball joints at either end of the unit 
can be one simple solution. The structure and mounting brackets 
must be designed to have no fatigue problems, while resisting 
drag forces.
TesT seTUP
In parallel with the prototype production, the test setup is being 
installed at the Structural Mechanics Laboratory. The test setup 
design drawings are presented in Figure 3.
At first, two steel supports are fixed to the laboratory’s rigid 
floor by pre-stressed steel studs. At each support, two 1 m apart 
steel studs are used, each of them applying a pre-stress force of 
225 kN. The completion of the installation is as shown in Figure 4.
One of the supports is used for fixing the hydraulic actuator 
to be used in the dynamic performance tests, while the other one 
is used later for supporting the prototype. The hydraulic actuator 
(Figure 5) to be used for dynamic performance tests has a force 
capacity of 250 kN, a ±15 cm stroke and can apply a velocity up 
to 350 mm/s.
FigUre 6 | Double shear tests.
TesT scheDUle
After the ED unit elastomeric blocks are produced, their mechani-
cal properties are determined by double shear tests performed 
on elastomeric bearing test machine at Structural Mechanics 
Laboratory (Figure 6).
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FigUre 8 | hysteresis loops under 0.5 hz frequency and different 
amplitudes of the sinusoidal excitation.
TaBle 1 | effective equivalent viscous damping ratios under 0.5 hz 
frequency and different amplitudes of the sinusoidal excitation.
amplitude (mm) effective equivalent viscous damping ratio (%)
5 31.5
15 37.3
20 29.5
25 17.2
FigUre 7 | hysteresis loop under 100% strain for two laminated 
rubber blocks.
The hysteresis loop obtained from double shear tests under 
100% strain is presented in Figure 7.
The tested ED unit blocks are installed on the steel mounts 
and connected to the already produced driving mechanism, and 
the assembled device prototype is mounted on the previously 
prepared test setup ready for dynamic performance tests.
The performed dynamic tests are based on displacement 
control with a sinusoidal signal. Many sets of dynamic tests are 
performed to sweep a large interval of amplitude, frequency, and 
velocity. The amplitude ranges from 5 to 45 mm with an increment 
of 3 mm, the frequency from 0.1 to 5.0 Hz with an increment of 
0.1 Hz, and the velocity from 1 to 350 mm/s.
TesT resUlTs
The hysteresis loops obtained under a sinusoidal displacement 
of 0.5  Hz frequency and different amplitudes are given in 
Figure  8. It is seen that the loops follow the same behavior 
pattern and prove a stable performance. Also, the large 
area enclosed by the hysteresis loops indicates a substantial 
energy dissipation capacity larger than many of the device’s 
viscoelastic peers and competitors. Table  1 summarizes the 
effective equivalent viscous damping ratios calculated for the 
hysteresis loops of Figure 8. These data underlines the strong 
influence of displacement amplitude on the device effective 
equivalent viscous damping ratio. The maximum effective 
equivalent viscous damping ratio of 37.3% is observed for 
15 mm displacement amplitude corresponding to 60% strain 
in the viscoelastic part of the ED unit. This finding has the 
limitations of frequency (0.5  Hz in this case) and the pre-
defined geometric and mechanical properties of the ED unit, 
which may separately or in interaction change the behavior 
parameters (the effective equivalent viscous damping ratio 
magnitude and its corresponding displacement amplitude, 
etc.) of the device. This relation observed in the performed 
tests, will be more comprehensively investigated through the 
ongoing series of prototype tests along with the interaction 
between different parameters to come to a final conclusion. 
As for the first prototype tests, no damage and no change in 
behavior pattern was observed after about 1000 successive 
cycles performed in total. Therefore, the device has been 
proven to provide an enhanced energy dissipation without 
suffering any damage and while keeping a stable behavior, 
all findings being valid for the prescribed ranges of test 
parameters.
The test observations further reveal that the design of the ED 
unit is of primary importance for the device overall behavior. 
Therefore, the research is planned to continue with a compre-
hensive analysis of critical parameters performing dynamic 
tests of prototypes integrating ED units of different material and 
geometric properties.
cOnclUsiOn
A new energy dissipation device with a pending patent has 
been introduced. The first full-scale prototype of the proposed 
device has been produced and tested. The dynamic performance 
tests of the prototype have proven it to be a promising device 
that may substantially reduce the energy dissipation demand 
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on structural members (with an observed maximum effec-
tive equivalent viscous damping ratio of 37.3% under 0.5  Hz 
frequency of harmonic displacement excitation). At the same 
time, within the ranges of the test parameters, the damper does 
not get damaged and manifests a stable behavior all through 
and after the dynamic action providing an effective aftershock 
protection. This conclusion has motivated a furthermore 
comprehensive investigation and improvement of the device 
performance.
For the following tests, the ranges of the testing parameters 
will be further enhanced to capture the peculiarities of various 
dynamic actions and investigate extensively the sensitivity of the 
device performance to different variables as well as the interac-
tion between them.
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